Seismic modeling is commonly used in determining subsurface illumination of alternative seismic survey designs, in the calibration of seismic processing and imaging algorithms, and in the design of effective processing workflows. Seismic modeling also forms the mathematical kernel of impedance inversion and is routinely used to predict the amplitude-variation-with-offset response as a function of rock and fluid properties. However, the use of seismic modeling in seismic attribute studies is less common. We have evaluated four case studies in which 2D synthetic common shot gathers were computed (acoustic or elastic) and processed (including migration) to evaluate possible interpretation hypotheses. The modeling we used in our study shows that the lack of continuous coherence anomalies in a faulted Chicontepec Basin survey was due to overprinting by coherent interbed multiples. Attributes computed from the resulting processed model data revealed that subtle curvature anomalies in a Mississippi Lime survey were due to karst collapse rather than to velocity pushdown related to vertical gas migration. Impedance attributes computed from a Woodford Shale model favored the hypothesis of increased porosity correlated with the occurrence of subtle faults rather than amplitude dimming due to poor fault imaging. Finally, modeling of a fractured basement survey in the Texas Panhandle survey indicated that headwave suppression preserved the basement fracture response while increasing the signal-to-noise ratio. Seismic attribute study on seismic modeling results helped significantly in testing possible interpretation hypotheses in all of our case studies.
Introduction
Seismic modeling has been used as a tool to help seismic acquisition survey design (Cordsen et al., 2000) , to quantify subsurface illumination as a function of offset and azimuth (Fagin, 1991) , to calibrate processing algorithms as well as workflows, and to calibrate and justify the use of alternative seismic velocity analysis and migration algorithms (Versteeg, 1994) . Seismic modeling is routinely used in rock physics fluid substitution to predict the amplitude-variation-with-offset response (Russell et al., 2001 ). Seismic modeling is also used in understanding the feasibility of 4D seismic acquisition (Mukherjee et al., 2012) .
The use of seismic modeling to calibrate and interpret seismic attributes is less common. Hart and Chen (2004) use simple 1D acoustic convolutional models constructed from well control to validate the subsequent interpretation of seismic attribute anomalies. Clawson et al. (2003) compute 3D convolution models from an outcrop-generated 3D interpretation of a Brushy Canyon turbidite system. They then compute coherence, P-impedance, and other attributes from the modeled seismic data to determine which attributes may help in the seismic prediction for improved hydrocarbon reserve estimation.
The generation of 3D common shot gathers is computationally intensive, and their use is presently limited to major oil and service companies, or collaboration through a modeling consortium (Fehler, 2012) . Conversely, the generation of 2D acoustic and elastic models can be computed on modern desktop computers using commercially available software. We show examples using such software to answer specific questions about the attribute response to alternative geologic hypotheses. Specifically, we use 2D models to quantify the response of coherence, curvature, and acoustic impedance through four case studies.
Coherence and curvature are widely used attributes in structural interpretation. Coherence measures the similarity of the seismic waveform within an analysis window using crosscorrelation, semblance, and eigenstructure (Chopra and Marfurt, 2007) . We have used eigenstructure coherence along the reflector dip. Curvature is a measure of the deviation of the reflector 1 University of Oklahoma, School of Geology and Geophysics, Norman, Oklahoma, USA. E-mail: sumit.verma@ou.edu; thang.n.ha-1@ou.edu; william.bailey@ou.edu; kmarfurt@ou.edu. surface from a plane (Chopra and Marfurt, 2007) . Murray (1968) correlates curvature to fracture-enhanced production whereas McQuillan (1974) correlates fracture patterns to basement-controlled lineaments. AlDossary and Marfurt (2006) expand these ideas to volumetric computations. In the first case study, we calibrate curvature and coherence attributes through seismic modeling to understand the tectonic structures of a structurally complex Chicontepec Basin. Mai (2010) describes lateral relationships between coherence and curvature to give a better understanding of the complex geology of the Chicontepec Basin. Pena (2010) uses coherence and curvature attributes to map igneous bodies in the Chicontepec Basin. However, many faults clearly identified on seismic amplitude vertical sections are not delineated by coherence. We will model two cross sections to determine why.
The second case study addresses the Woodford Shale in Oklahoma in which fractures play a very important role. Open fractures provide porosity as well as permeability, whereas hydraulic fracturing can often open previously healed fractures creating good permeability as well. Staples et al. (2011) find intense natural fractures in the Hunton Limestone correlated with curvature. Nissen et al. (2009) Guo et al. (2010) and Gupta et al. (2013) in the Woodford Shale overlying the Hunton Limestone reflectors. Although seismic amplitudes adjacent to large faults are often inaccurate due to limited migration apertures and inaccurate velocities, the faults imaged by Guo et al. (2010) often exhibited offsets of less than a quarter-wavelength. In this paper, we generate, process, image, and invert a suite of prestack seismic models to determine whether the anomalies are seismic artifacts or geologic features of interest.
Our third case study uses modeling to evaluate alternative hypotheses of sags seen over karst collapse features in a Fort Worth Basin survey -Are they structural karst collapses or a pushdown effect due to overlying gas chimneys? Discriminating these two hypotheses can be critical to guide horizontal wells so they reach the reservoir.
The fourth case study is different in that we know from well control that fractures in the basement exist. In this Texas Panhandle oil and gas field, the high-velocity basement is overlain by a high-velocity Permian evaporite and then low-velocity Mesozoic clastics, resulting in two rock units that give rise to strong headwave generation. We also observed strong linear events cutting the shallow basement reflections and diffractions of interest. In this example, we create seismic models to calibrate an aggressive processing workflow that suppresses headwaves and preserves the deeper diffractions that image the basement fractures.
The unifying principle in all four case studies is that seismic attributes are a function not only of the impedance contrasts but also of the signal-to-noise ratio of the data after processing that includes prestack migration.
Methods
We used commercial software, which grids a 2D geologic model and then uses the finite-difference method to solve the wave equation to generate synthetic seismic data. Figure 1 shows the flowchart used for generating synthetics. First, we create a simple geologic cross section based on real seismic data. We choose the velocity, density, and depth of the formations from well logs. We simplify the geology other than the target features to be modeled. Next, we define parameters for the target feature of interest (e.g., fault's throw, karst width, and thickness). We choose the number of source points, source spacing, receiver points, and receiver spacing similar to the real data (Table 1) . We then propagate a wavefield through the 2D geologic model creating synthetic shot gathers. Last, we process the synthetic seismic data through prestack migration and stack the migrated data to obtain the final results.
Case studies
Case study 1: Seismic modeling of Chicontepec Basin's tectonic structure Chicontepec Basin, discovered in 1925, is one of the most productive basins in Mexico. It is a structurally complex basin, and the tectonic evolution controlled the influx and deposition of the tight sand turbidite res- ervoir. The deeper and interfingered shale source rock is a potential unconventional resource play (Sarkar, 2011) . Time slices and horizons through seismic attributes such as coherence and curvature derived from a 3D seismic volume help visualize the tectonic deformation within and below reservoir. These attributes allow us to map faults, fractures, channels, folds, pop-up structures, horsts and grabens, and other geologic features (Figures 2 and 3) . Murray (1968) correlates curvature with fracture-enhanced production, and McQuillan (1974) correlates fracture patterns with basement-controlled lineaments.
The seismic expression of tectonic structures in the Chicontepec Basin is a function of the acquisition parameters, seismic wave propagation, imaging, and the underlying geology. Although there are areas of low fold and poor data quality due to shallow volcanics (Pena et al., 2009) , the overall data quality is quite good. We generated two seismic models to investigate the performance of coherence in delineating the faults seen in Figure 3 . Results were somewhat deceiving in that they did not delineate faults that were clearly identifiable by a human interpreter (Figure 2 ). To better understand this result, we used a commercial finite-difference wave-equation modeling software package to evaluate representative pop-up and graben structures. We construct both models with parallel-bedding geometries and no significant thickness changes along the beds to make the model geologically consistent to those seen in the Chicontepec Basin. Simplification, such as reducing the number of layers, aids in extracting key information from the seismic modeling and imaging workflow. Through this simplification, key geologic features can be more easily identified on real data. Survey parameters (Table 1) were kept similar to those used in the real seismic survey. In both acoustic models, we use a Ricker wavelet with 25-Hz dominant frequency as the source wavelet, and we generate raw common shot gathers. These common shot gathers are then prestack time and depth migrated using a Kirchhoff migration algorithm. Finally, seismic attributes are computed on both models, and the results are compared to those computed from the real data. The values of the P-wave velocity and density are taken from a well log in the survey (Figure 4a ).
Seismic modeling of a pop-up structure
The pop-up model shown in Figure 4b is constructed based on a cross section through the 3D seismic survey shown in Figures 2 and 3 . In the model, there are two symmetric reverse faults on either side of the pop-up block. Both faults have a 25-m (83-ft) throw. The units above the top Paleocene level horizon are deformed, but not faulted. On the other hand, the units below the top Paleocene are deformed and faulted. We assume that formation velocities increase with depth. Figure 5a shows the prestack depth-migrated (in time) seismic sections of the pop-up model. Figure 2 . Horizon slice along the top Jurassic through corendered coherence, most-positive curvature, and most-negative curvature. The same three attributes are corendered with amplitude on the vertical slice, which shows a pop-up feature (blue arrow) and a graben (yellow arrow). Although the edges of these features are well delineated by curvature, the coherence anomaly (in green) appears to be broken. In subsequent images, we will generate 2D models over these features to better understand the lack of a coherence anomaly (data courtesy of PEMEX). Figure 3b . The units below the top Paleocene are faulted. P-wave velocity V P is in ft∕s, whereas density ρ is in g∕cm 3 . (d) Snapshot at 0.7 s; the green star represents source location, and the red inverted triangles represent receiver position, the blue arrow represents primaries, and the yellow arrow represents multiples.
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The thin-bedded turbidites give rise to significant interbed multiples.
We have computed seismic attributes on the depth-migrated section because it provided a better image than the timemigrated section. Although time migration works well for smooth velocities and flat reflectors, it cannot handle sudden velocity changes in the overburden. In contrast, depth migration uses a more exhaustive interval velocity model and accurately handles velocity changes. Snapshots of seismic wavefronts (Figure 4d) help to verify if a recorded reflection is a primary or a multiple. Figure 5b shows that the reflector dip (Marfurt, 2006) has higher values at the edges of the pop-up structure. Figure 5c shows that the 2D curvature has positive values at the inside edges of the pop-up structure and negative values at the outside edges of the pop-up structure. Figure 5d shows that (unlike the curvature and dip) coherence anomalies are absent in the shallower part where the strata are folded but not faulted. We do see low coherence anomaly in the lower faulted region. Although the fault inclination and placement are not exactly the same, the results computed from the model are quite similar to the results computed from the real data, thereby quantifying our interpretation of the attribute anomalies.
Seismic modeling of a graben structure
The graben model shown in Figure 4c is constructed from the vertical slice through the actual seismic survey shown in Figure 3b . In the graben model, the thickness of units, P-wave velocity, and density values are kept the same as those used in the pop-up model. There are two symmetric normal faults on either side of the graben structure. Both faults have a 25-m (83-ft) throw. The units above the top Paleocene-level horizon are not deformed or faulted, whereas the units below the top Paleocene are faulted. We assume that the velocity increases with depth. Figure 6a shows the prestack depth-migrated (in time) seismic sections of the graben model. Figure 6b shows that the reflector dip has higher values at the edges of the graben structure. Figure 6c shows that 2D curvature has negative curvature at the inside edge of the graben Figure 4c . The same section corendered with (b) dip, (c) 2D curvature, and (d) coherence. Note that the multiples from the shallower horizon disrupt the anomalies on dip and curvature. The fault plane reflection appears only about the stronger reflection. These fault plane reflections give rise to a continuous response such that the coherence anomalies are minimal. All the attributes including seismic are displayed with 50% opacity.
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The results of the pop-up as well as graben models are quite similar to the real 3D seismic data thereby, validating our interpretation of the attribute anomalies.
Discussion of results for case study 1
Synthetic seismic modeling confirms that the pop-up and graben structures in the Chicontepec area give rise to coherence and curvature anomalies. Seismic modeling results are similar to those from the real data. Synthetic modeling gives us an idea of what the pop-up and graben structures in the area look like in reality. Specifically, it shows how continuous interbed multiples break up curvature and coherence anomalies that would otherwise be continuous. This allows us to recognize such anomalies as an artifact, not as geology, thereby preventing a potential interpretation pitfall.
Case study 2: Seismic modeling of impedance anomalies associated with faults in the Woodford Shale Guo et al. (2010) , working on a Woodford survey in the Arkoma Basin, and Gupta et al. (2013) , working on a Woodford survey in the Anadarko Basin, note a strong correlation between lows in acoustic impedance and subtle structural lineaments seen in the most-negative principal curvature (Figure 7 ). These lineaments can be enhanced by computing (1) second derivatives along structural dip and azimuth and (2) the magnitude and strike of the most-positive and most-negative second-derivative changes, or "amplitude curvature" (Chopra and Marfurt, 2013) . In both cases, the Woodford Shale directly overlies the fractured and karsted Hunton Limestone. The simplest geologic hypothesis is that these fractures continue into the overlying Woodford, thereby increasing permeability. Supporting this hypothesis is the lack of correlation between positive curvature lineaments and impedance. The alternative hypothesis is that 3D prestack time migration does not accurately reconstruct the amplitudes around the faults. Although Figure 7 . Horizon slices along the top Woodford Shale through the (a) mostnegative principal structural curvature, (b) acoustic impedance, and (c) mostnegative curvature (a second derivative) of the acoustic impedance volumes. Note the correlation of structural curvature lineaments with subtle faults on the vertical slice through seismic amplitudes. These faults give rise to subtle changes in amplitude and hence to impedance, which are delineated through the second derivative (curvature) computations seen in panel (c). The correlation of the low-impedance anomalies and structural lows implies that they are either fault or fracture related, although this correlation may be due to limitations in seismic imaging rather than to geology (data courtesy of CGG-Veritas; after Guo et al., 2010) .
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Interpretation / November 2015 such imaging artifacts do occur for faults with large vertical throws (or steep dips) and limited migration apertures, the throw seen in Figure 7a is so small that we hypothesize the amplitude variation to be geologic. We therefore construct two simple seismic (acoustic) models to evaluate the hypotheses mentioned above.
As in case study 1, we use a commercial finite-difference wave-equation modeling software package to evaluate the fault-imaging artifact versus the fracture/ diagenetic alteration hypotheses. Model parameters were kept the same in both models (Table 1) . We set the Woodford Shale top at a target depth of 914 m (3000 ft), resulting in incident angles up to 40°. These common shot gathers were then prestack time and depth migrated using a Kirchhoff migration algorithm, with the latter using traveltimes computed using a firstarrival eikonal solver. In both models, we used a Ricker wavelet with 60-Hz dominant frequency as the source wavelet. Seismic attributes were extracted, and an acoustic impedance inversion was computed on both models. The P-wave velocity, S-wave velocity, and density values were taken from a typical log of the area (Figure 8a ).
The fault model
We prepared a fault model with four faults in the Woodford and Hunton layers, at regular offset intervals (Figure 8b) . The faults were kept as simple vertical faults with throws ranging between 6 (20) and 24 m (80 ft). We terminate the faults at the top of the Woodford Shale (green unit). The faults with throws of 12 m (40 ft) and higher can be identified on the time-migrated seismic amplitude (Figure 9a ) and the coherence (Figure 9b) , whereas all the faults are visible on the curvature (Figure 9c ). The acoustic impedance (Figure 9d ) shows quite smooth variations near the faults.
The fracture model
We prepared a fracture model with variable numbers of fractures that begin in the Hunton Limestone (blue Figure 8c . The top Woodford at t ∼ 0.35 s is clearly visible. As in the real data, the velocity model for prestack migration did not include the perturbation due to the fractures. Although the top of the fracture zones are accurately imaged (yellow arrow), the base is overmigrated because the velocity used was too fast (orange arrow). In addition, the base of the limestone layer experiences a velocity pushdown effect (blue arrow). Stacked seismic amplitude corendered with (b) coherence shows the faults with the fourth and eighth fracture zones clearly. (c) Curvature was able to delineate fractures. (d) In contrast to the fault model, the fracture zones give rise to a low-impedance anomaly, as seen in the real data shown in Figure 7b and 7c.
SAC62 Interpretation / November 2015 unit) and terminate in the middle Woodford Shale (green unit) (Figure 10a) . All of the fracture zones are 6 m (20 ft) wide and 91 m (300 ft) in height, and they have low velocity and density values. On the time-migrated seismic section, highly fractured areas (fourth and eighth fracture zones) can be identified easily, whereas the less fractured areas (first and second fracture zones) are harder to identify because of the limited seismic resolution (Figure 10a) . Curvature was able to detect all the modeled fractured zones (Figure 10c) . In contrast to the fault model, the changes in acoustic impedance (Figure 10d ) allowed us to identify the fracture zones easily and accurately.
Discussion on results for case study 2
Seismic modeling confirms our hypothesis that the impedance anomalies seen in the two surveys are not due to a processing artifact of fault imaging but rather correlated with fracturing (or may be karsting) in the underlying Hunton Limestone. Operators in Oklahoma frequently drill horizontal wells in both formations. In the Hunton, they look for natural fractures and complete the wells with acidation. In the Woodford Shale, most operators attempt to define the strike of natural fractures and maximum horizontal stress to optimally place and orient their wells, completing them with hydraulic fracturing. We suspect these two reservoirs to be coupled, thereby providing opportunities for more innovative completion strategies. Modeling therefore confirms the hypothesis that the low-impedance lineaments associated with small faults are associated with a fractured or otherwise diagenetically altered low zone rather than limitations in seismic imaging.
Case study 3: Modeling sags -Are they karst collapse or gas chimney pushdown?
Seismic interpretation can be ambiguous in certain cases, due to alternative geologic causes of the resulting seismic image. Karst features have an easily identifiable seismic signature (Qi et al., 2014) . In some cases, poor resolution in the shallower section (e.g., Story et al., 2000) is due to a gas chimney associated with deeper karst, such that the incoherent expression of the karst collapse is due to velocity pushdown and inaccurate seismic focussing (Figure 11 ). In the karst collapse seen in the Ellenburger Dolomite of the Fort Worth Basin (e.g., Sullivan et al., 2006) , the shallower Marble Falls, Atoka, and Caddo reflectors are also deformed, but they are well focused using a laterally smooth time migration velocity, suggesting that the depressions are structural lows rather than velocity pushdown artifacts. These two hypotheses can produce identical seismic images using a 1D convolutional acoustic model. To better understand these events on seismic images and attributes, we create prestack wave-equation models to observe karst and gas chimney effects on wave propagation and to observe the results on the processed stacked data. Specifically, we expect that long sourcereceiver offsets will undershoot a gas chimney and provide a different (conflicting) image than that of a collapse feature.
Karst collapse model
We model karst collapses based on the seismic cross section shown in Figure 12 from a seismic survey in the Fort Worth Basin (Sullivan et al., 2006) . The area has many karst collapse features that are well imaged by Note the incoherent image above the karsted reservoir in (a) indicated by the white arrow. Such poor imaging indicates that the data were migrated using an incorrect velocity model, consistent with the collapse chimney hypothesis. High-amplitude reflections (black arrow) that ring the chimney are consistent with gas charge from below (after Story et al., 2000) .
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the 3D seismic data. We then constructed a model with a structural collapse at the top Ellenburger Dolomite filled with the Barnett Shale (Figure 13a ).
Gas chimney model
For the gas chimney model, we assume that the top of the karsted Ellenburger Dolomite was structurally flat and the "collapse feature" was an artifact of velocity pushdown due to an overlying gas chimney similar to that seen in Figure 11 . To prepare the gas chimney model, the karsts were replaced with a vertical column of low-velocity "gas-charged" rock. The velocities in the chimney model of Figure 13b were chosen to construct the same 1D convolution model as the structural collapse of Figures 13a and 14a . The gas chimney model took several iterations to attain the desired results. The difficulty came in creating a gas chimney that extended through all of the desired layers while still maintaining the underlying layer boundaries (Figures 13b  and 14b) . The modeled synthetic gathers were prestack time migrated using a laterally smooth velocity model that ignored the chimney to imitate a typical processing workflow in the Fort Worth Basin (Fernandez, 2013) .
Discussion on results for case study 3
The resulting migrated and stacked images bear a close resemblance to the actual seismic data (Figure 12) . One noticeable difference is the migration artifacts associated with the gas chimney model. The velocity pushdown at the top Ellenburger is smoother and less focused than the input model. It is also consistent with the misalignment of raypaths traversing vertically through the chimney versus those that undershoot the chimney from its flanks. There are also diffractions and a complex velocity pushdown at the base of the El- In both the models, V P is in ft∕s whereas density ρ is in g∕cm 3 .
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lenburger Dolomite that are not evident in the karst collapse model or in the real data. Alai et al. (2011) describe the elastic wavefield propagation through gas clouds that are similar to the gas chimneys that we have modeled with acoustic wave fields. The key to this observation is that the pushdown effect will continue into the deeper medium below the gas chimneys. This is an effect we can expect to see from all gas chimneys. Structural collapse can cause a similar behavior, such as the low-velocity, sand-filled karst of the Tarim Basin (Zhao et al., 2014) . The Barnett Shale fill also has a high velocity, similar to that of the Ellenburger Dolomite. Furthermore, Sullivan et al. (2006) show that the shallower isochrons are smooth across the karst with no local temporal thickening due to a gas chimney, suggesting that the karst collapse occurred after the shallower layers were deposited.
Case study 4: Identifying processing challenges with seismic modeling
Our final example is more traditional in that we use modeling to aid in the selection of processing parameters. The study area is located within the Texas Panhandle oil and gas field where wells have encoun- Figure 14 . Seismic cross section extracted from the depth-migrated (converted to time) (a) karst collapse model of Figure 13a and (b) gas chimney model of Figure 13b . Figure 16b with interpreted events. The headwave, reflections, diffractions, and reverberation are identified on the gather by alternatively examining the snapshots of the wavefield. (b) Elasticmodeled gather on the model shown in Figure 16a with interpreted events. The headwave, reflections, ground roll, and reverberation are identified. Note that diffractions are not identified because it was overlaid by strong reverberation from the weathering zone. (c) Real shot gather with interpreted events. The headwave, reflections, ground roll, and reverberation are identified. Note that the reverberation effect of the weathering zone is much less in the real gather than the modeled gather due to finite Q (1/ attenuation). At the target depth (t ¼ 0.57 s), the critical refraction occurs at offset h ¼ 975 m (3200 ft). Beyond this point, the signals are highly contaminated by coherent, moderate-bandwidth refracted waves and must be muted after normal moveout correction.
SAC66 Interpretation / November 2015 tered hydrocarbons in basement fractures. These fractures are charged by fluid migration from deeper sedimentary source rocks in the Anadarko Basin to the north and east. The basement fractures are well imaged by seismic attributes such as curvature and coherence ( Figure 15 ) as well as by the P-wave impedance. Our goal was to design a workflow that preserved the amplitude response at far offsets to facilitate a prestack inversion to better differentiate weathered and fractured basement from tighter rocks. The high-velocity basement is overlain by slower clastics and then by a very high velocity Permian Evaporite, with a final layer of low-velocity Mesozoic sediments. The basement and Permian Evaporite give rise to strong P-and S-headwaves that overprint the shallow (762 m or 2500 ft deep; equivalent to t ¼ 0.57 s) basement reflections and diffractions of interest.
Ground roll and air waves were successfully removed, and the evaporite and basement provided good refractors for tomographic inversion, as seen by Xu (2014) , we decided to model the possible impact of these refraction events on the processing of reflections.
To better understand the effect of noise, we generated synthetic shot gathers using a simple, flat-layered model with hypothesized fractures within the basement (Figures 15a and 16a) . The elastic modeled gather (Figure 17b) is highly contaminated by reverberations in the weathering zone. For the real data (Figure 17c ), the weathering zone has higher attenuation, thereby damping waves are reverberating within it. Thus, we created an additional model without the weathering zone (Figure 16b ) as well as a simpler model without the fractures. Acoustic-modeled gathers with diffractions, without diffractions, and their difference, are shown side by side in Figure 18 .
To further interpret the modeled gathers, we also generated several snapshots of the acoustic wavefield. By alternatively examining the snapshots and the surface seismic acoustic-modeled gather, we were able to correlate and thereby identify noise and signal and then mark those events on the acoustic-modeled gather, elastic-modeled gather, and real shot gather (Figure 17a-17c) . Acoustic gathers are synthetic gathers that contain only P-wave information. They are simple and good for interpreting primary reflections and some dominant multiples. Elastic gathers are synthetic gathers that contain P-wave, S-wave, and converted wave information and thus resemble real gathers better than acoustic gathers, but they may be too complicated to interpret. Real gathers are extracted from the 3D-survey data set. Diffractions are only marked in the acousticmodeled gather; they are overlain by reverberations in the elastic-modeled gather. Diffractions in real gathers are much less prominent than in synthetic gathers, suggesting that fractures in real life are of smaller scale than those in the model. At the target depth (t ¼ 0.57 s), critical refractions from basement tangent to the reflections occur at offset h ¼ 975 m (3200 ft) Figure 18 . Acoustic-modeled shot gather sorted by absolute offset corresponding to the model with no weathering zone shown in Figure 16b and ( and must be muted prior to subsequent prestack inversion.
Conclusions
The attribute expression of the subsurface depends not only on the impedances and geometric configuration of the various facies, but also on the acquisition and subsequent processing and imaging of the seismic data. Unlike the classic convolutional model, prestack seismic modeling using the acoustic wave-equation models signal and noise. In our first case study, our synthetic seismic modeling confirms that pop-up and graben structures in the Chicontepec area give rise to coherence and curvature anomalies. Seismic modeling results are similar to those from the real data. However, by using snapshots of the wavefront, we are able to see that interbed multiples give rise to coherent, continuous reflections that overprint our faulted structures of interest. This overprinting disrupts what should otherwise be a continuous fault anomaly on the seismic section. In many areas of the survey, interbed multiples from the overlying volcanics are stronger than the reflection of interest. Modeling does not solve our problem by removing the interbed multiples, but it helps to identify primaries and interbed multiples and motivates future processing workflows as well as quantifies the confidence we have in our attribute images.
Our next case study from the Woodford Shale of the Arkoma Basin of Oklahoma shows the conjugate situation, in which we are concerned that the interpretation of low-impedance anomalies visually correlated with small-offset faults are artifacts of imaging. Here, seismic modeling confirms the geologic hypothesis that the impedance anomalies seen in the two surveys are correlated with fracturing and karsting in the underlying Hunton Limestone. We suspect these two reservoirs to be coupled, thereby providing opportunities for more innovative completion strategies.
Our third case study evaluates two geologic hypotheses of a karst collapse versus a gas chimney, for which a convolutional model would result in the exact same image. Prestack data with large source-receiver offset undershoot much of the hypothesized gas chimney, thus allowing us to differentiate the scenarios. The resulting images are different, with the gas chimney being a smoother, smeared, pushdown anomaly, and with the karst collapse being a surface with sharp edges as seen in the real 3D survey.
Our fourth and final case study is different in that we know from the wellbore that there are hydrocarbonbearing fractures in the shallow basement of a Texas Panhandle survey. Here, our problem was one of validating alternative processing workflows to preserve the fracture-generated diffractions while rejecting the strong overprinting coherent P-and S-headwaves. Modeling showed that we could not preserve the farthest offset (>45°) data because the filtering contaminated the reflection of interest. middle east giant carbonate oil field," and it focuses on the techniques of extracting large-scale kinematic features such as slickensides from high-quality seismic volumes and using that data to interpret a detailed structural evolution.
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